It is not known whether the metabolic syndrome is associated with poor exercise capacity among patients who have established coronary heart disease. We evaluated the association of the metabolic syndrome with treadmill exercise capacity and heart rate recovery among patients who had coronary heart disease. We measured treadmill exercise capacity (METs) and heart rate recovery (beats per minute) in 943 subjects who had known coronary heart disease. Of these, 377 (40%) had the metabolic syndrome as defined by criteria of the National Cholesterol Education Program. Participants who had the metabolic syndrome were more likely to have poor exercise capacity (METs <5, 33% vs 18%, p <0.0001) and poor heart rate recovery (≤ 16 beats/min, 34% vs 21%, p <0.0001) than those who did not have the metabolic syndrome. In ordinal logistic regression analyses, the metabolic syndrome was associated with decreased exercise capacity (odds ratio [OR] 2.2, 95% confidence interval [CI] 1.7 to 2.8, p <0.0001) and decreased heart rate recovery (OR 1.8, 95% CI 1.4 to 2.3, p <0.0001). These associations remained strong after adjusting for potential confounding variables (OR 1.6, 95% CI 1.2 to 2.1, p = 0.003 for decreased exercise capacity; OR 1.4, 95% CI 1.1 to 1.9, p = 0.02 for decreased heart rate recovery). The metabolic syndrome is independently associated with poor exercise capacity and poor heart rate recovery in patients who have established coronary heart disease. Decreased exercise capacity may contribute to the adverse outcomes associated with the metabolic syndrome.
Exercise capacity and heart rate recovery are objective measurements of cardiac function that are easily obtained by treadmill testing. 1, 2 In patients who have established coronary heart disease (CHD) and those who do not, exercise capacity is commonly used in clinical practice as a well-validated predictor of outcomes. 3, 4 Heart rate recovery has also been described as a predictor of mortality in patients who have suspected CHD. 2 Despite the high prevalence of the metabolic syndrome and the established value of exercise capacity and heart rate recovery as prognostic factors in patients who have CHD, association of the metabolic syndrome with these parameters is not known. Previous studies have been limited by small samples, lack of control groups, or use of a nonstandard definition for the metabolic syndrome. [5] [6] [7] Our study evaluated whether the metabolic syndrome is independently associated with decreased exercise tolerance and decreased heart rate recovery in a study of 943 older adults who had CHD.
METHODS

Participants
The Heart and Soul Study is a prospective cohort study of psychosocial factors and health outcomes in patients who have stable CHD. Details regarding our recruitment procedures have been published. 8 Between September 2000 and December 2002, we enrolled 1,024 participants who had stable CHD. Of these, 81 were unable to perform the exercise treadmill test, leaving 943 participants for this cross-sectional analysis. Our protocol was approved by the appropriate institutional review boards, and all participants provided written, informed consent.
Metabolic syndrome
Our predictor variable was the presence of the metabolic syndrome. We defined the metabolic syndrome according to the definition of the National Cholesterol Education Program, Adult Treatment Panel III (NCEP-ATP III) based on the presence of ≥3 of the following components: (1) fasting glucose level ≥110 mg/dl or taking medication for diabetes (insulin or oral hypoglycemic therapy), (2) systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥85 mm Hg, (3) triglyceride level ≥150 mg/dl, (4) high-density lipoprotein level <40 mg/dl in men and <50 mg/dl in women, and (5) waist circumference >102 cm in men and >88 cm in women. 9 
Cardiac evaluation
Participants were instructed to fast for ≥4 hours before exercise, except for taking their usual medications. We performed a symptom-limited, graded exercise treadmill test according to standard Bruce's protocol. 10 To achieve maximal heart rate, participants who were unable to continue the standard Bruce's protocol were switched to lower settings on the treadmill and encouraged to exercise for as long as possible. Continuous, 12-lead electrocardiographic monitoring was performed throughout testing, and exercise capacity was calculated as total METs achieved at peak exercise (1 MET = 3.5 ml of oxygen uptake per kilogram of body weight per minute). 11 For analysis purposes, we grouped participants into 3 categories (<5 METs, 5 to 8 METs, >8 METs) according to previously published criteria. 3 After achieving maximal workload, subjects were immediately placed supine. Heart rate was measured exactly 1 minute after termination of exercise, and heart rate recovery was calculated as maximal heart rate during exercise minus heart rate 1 minute into recovery. For analytic purposes, we organized heart rate recovery by quartiles: ≤16, 17 to 24, 25 to 32, and >32 beats/min.
Other measurements
Age, ethnicity, smoking status, alcohol use, and physical activity were determined by questionnaire. Medical history was determined by self-report with the exception of diabetes and hypertension. Diabetes was defined as self-reported diabetes, use of diabetic medication, or a fasting glucose level ≥126 mg/dl. Hypertension was defined as use of antihypertensive medication, systolic blood pressure ≥130 mm Hg, or diastolic blood pressure ≥85 mm Hg.
All participants underwent echocardiography at rest with an Acuson Sequoia ultrasound system (Acuson, Mountain View, California) and a 3.5-MHz transducer. A complete 2-dimensional echocardiogram at rest, including imaging and Doppler in all standard views and subcostal imaging of the inferior vena cava, was performed. We obtained 2-dimensional parasternal short-axis and apical 2-and 4-chamber views during inspiration and performed planimetry with a computerized digitization system to determine end-diastolic and end-systolic left ventricular volumes and left ventricular ejection fractions. Repeat echocardiography was performed immediately after exercise, and inducible ischemia was defined as the presence of ≥1 new wall motion abnormality at peak exercise.
Participants were instructed to bring their medication bottles to the study appointment, and study personnel recorded all current medications. Body mass index was calculated as weight in kilograms divided by height squared in meters. We measured angina frequency with the Seattle Angina Questionnaire. 12 
Statistical analysis
Differences in baseline characteristics between participants who had the metabolic syndrome and those who did not were compared with t tests for continuous variables that were normally distributed, Wilcoxon's tests for continuous variables that were not normally distributed, and chi-square tests for dichotomous variables. We used analysis of covariance to compare mean exercise capacity (METs) and heart rate recovery (beats per minute) after adjusting for variables that were associated with the metabolic syndrome (at p <0.05).
To determine an independent association of the metabolic syndrome with exercise capacity and heart rate recovery, we used ordinal logistic regression, a method that allows the outcome variable to have >2 categories. We divided exercise capacity categories according to previously published criteria 7 and divided categories of heart rate recovery by quartile. Ordinal logistic regression calculates a single odds ratio (OR) for the association between the predictor variable (the metabolic syndrome) and each combination of higher versus lower risk outcome categories (e.g., lowest quartile of heart rate recovery vs 3 higher quartiles, 2 lower quartiles vs 2 higher quartiles, 3 lower quartiles vs highest quartile). Variables associated with the metabolic syndrome (at p <0.05) were entered into the adjusted models. Because diabetes and hypertension are traditional cardiac risk factors that overlap with the metabolic syndrome, these variables were entered in sequential analyses to determine an independent association between the metabolic syndrome and exercise capacity. We verified the proportional odds assumptions for all models. Analyses were performed with SAS 8 (SAS Institute, Cary, North Carolina).
RESULTS
Of the 943 participants, 377 (40%) met the NCEP-ATP III criteria for the metabolic syndrome. Compared with those who did not have the metabolic syndrome, those who did were less likely to be men, to drink alcohol, and to be physically active (Table 1) . Participants who had the metabolic syndrome were more likely to be taking renin-angiotensin system inhibitors, β blockers, diuretics, and aspirin. They had higher heart rates at rest and greater body mass index levels than did those who did not have the metabolic syndrome.
Among the 377 participants who had the metabolic syndrome, 291 (77%) had high blood pressure (≥130/85 mm Hg), 290 (77%) had high fasting glucose levels (≥110 mg/dl) or diabetes (diabetes medication), 282 (75%) had a large waist circumference (>102 cm in men, >88 cm in women), 262 (70%) had low levels of high-density lipoprotein cholesterol (<40 mg/dl in men, <50 mg/dl in women), and 215 (57%) had high levels of triglycerides (≥150 mg/dl; Table  1 ).
Participants who had the metabolic syndrome had lower mean exercise capacity than did those who did not have the metabolic syndrome (6.4 ± 2.9 vs 7.9 ± 3.5 METs, p <0.0001), and this association remained strong after adjusting for potential confounding variables (Table 2) . Participants who had the metabolic syndrome also had lower heart rate recovery (23 ± 12 vs 27 ± 13 beats/min, p <0.0001), although the strength of association between the metabolic syndrome and heart rate recovery was attenuated after adjustment for potential confounding variables (p = 0.08).
Participants who had the metabolic syndrome were more likely to have poor exercise capacity (<5 METs) and poor heart rate recovery (lowest quartile ≤16 beats/min) than those who did not have the metabolic syndrome (p <0.0001; Figure 1 ). In ordinal logistic regression analysis, the metabolic syndrome was associated with decreased exercise capacity (adjusted OR 2.2, 95% confidence interval 1.7 to 2.8, p <0.0001) and with lower heart rate recovery (OR 1.8, 95% confidence interval, 1.4 to 2.3; p <0.001). These associations remained strong after adjustment for potential confounding variables (Table 3 ). An association of the metabolic syndrome with poor exercise capacity and poor heart rate recovery was similar in participants who had diabetes mellitus and those who did not (p >0.20 for interaction).
DISCUSSION
We found that the metabolic syndrome is independently associated with low exercise capacity and poor heart rate recovery. These findings are very important, because every fourth American in the United States has the metabolic syndrome, and exercise capacity and heart rate recovery are well-established predictors of mortality. 2, 3, 13 Our findings persisted even after adjusting for obesity, physical activity, β-blocker use, diabetes mellitus, and hypertension, parameters that are believed to be primarily responsible for worse outcome in patients who have the metabolic syndrome. Moreover, exercise-induced ischemia did not account for our findings, because the presence of inducible ischemia was not associated with exercise capacity. Thus, our study provides evidence for an independent relation between the metabolic syndrome and measurements of exercise capacity that are associated with adverse outcomes.
These findings suggest that poor heart rate recovery and limited exercise capacity may contribute to the adverse outcomes associated with the metabolic syndrome. 14, 15 Previous small studies found poor heart rate recovery and decreased exercise capacity in patients who had insulin resistance as defined by a hyperinsulinemic euglycemic clamp test, in patients who had abnormal glucose tolerance, and in patients who had the metabolic syndrome. 5, 6, 16 Because insulin resistance is considered a pathogenic factor for the metabolic syndrome and its complications, results from these studies support our findings. 17 The 0.5-MET difference in mean exercise capacity between participants who had the metabolic syndrome and those who did not is clinically relevant. Myers et al 3 found that every MET decrease in exercise capacity decreased the likelihood of survival by 12%. Thus, a 0.5-MET lower mean exercise capacity translates into substantially increased mortality for participants who have the metabolic syndrome. Likewise, previous studies have demonstrated an association between poor heart rate recovery and increased mortality, although some concerns exist about limited reproducibility. 2,18 -20 We found a higher heart rate at rest in patients who had the metabolic syndrome, and adjusting for higher heart rate at rest did not eliminate the association between the metabolic syndrome and poor heart rate recovery.
The metabolic syndrome consists of multiple components, some of which are major risk factors for cardiovascular morbidity and mortality. Controversy exists as to whether the metabolic syndrome itself is a distinct risk factor for cardiovascular disease, whether it is solely the sum of single components, or whether there is 1 risk factor such as insulin resistance or diabetes that is responsible for all core features of the metabolic syndrome. 21 A factor analysis by Anderson et al 22 indicated that multiple factors of the metabolic syndrome that are linked to adiposity account for the unique feature of this syndrome. 22 Contradictory to this assumption, another study that examined the role of the metabolic syndrome as a predictor for cardiovascular disease using the Framingham data concluded that most of the risk associated with the metabolic syndrome is captured almost completely by the traditional risk factors of the Framingham algorithm that are associated with the metabolic syndrome. 21 We found that the metabolic syndrome was associated with poor exercise capacity and heart rate recovery, independent of diabetes, hypertension, and obesity.
Another potential link that connects exercise capacity, heart rate recovery, and the metabolic syndrome is the obesity gene leptin. Obesity commonly is accompanied by increased plasma leptin levels, 23 which have been related to higher heart rates at rest in healthy men. 24 Interestingly, the baseline heart rate in our collective was significantly higher in the group with the metabolic syndrome. However, it is unclear whether leptin also modulates heart rate during and after exercise, thus potentially affecting heart rate recovery, or if the effect is confined to the resting state. Wolk et al 25 examined stable patients who had congestive heart failure and found a positive correlation between plasma leptin levels and ventilatory efficiency during exercise. 25 As a consequence, higher leptin levels would lead to a hyperventilatory response to exercise. Whether this possible mechanism explains the decreased exercise capacity in our patient collective with metabolic syndrome remains to be evaluated.
The primary targets of therapy for the metabolic syndrome are therapeutic lifestyle changes, such as adjusting nutritional habits and increasing physical activity. Because insulin resistance remains an important aspect of the metabolic syndrome, medication with insulin sensitizers may also be beneficial. A growing body of evidence suggests that diabetes medications such as metformin or acarbose may benefit patients who are in a prediabetic state. 26, 27 The Diabetes Prevention Program reported a decrease in new onset of type 2 diabetes with metformin. 26 The Study to Prevent NonInsulin Dependent Diabetes trial associated acarbose with a decreased risk for developing cardiovascular disease in patients who had impaired glucose tolerance. 27 However, no randomized trials have evaluated the effects of lifestyle changes or pharmacologic therapies on cardiovascular morbidity in patients who have the metabolic syndrome. Such a trial would help guide therapies for these patients.
Our study has several limitations. First, exercise capacity and heart rate recovery were derived from a symptom-limited treadmill exercise test, which relied on a participant's effort to reach maximal exercise. This concern represents a general limitation of an exercise test, which we attempted to overcome by employing experienced personnel to motivate participants. Second, the metabolic syndrome has been associated with greater CHD severity, as evaluated by electron-beam computed tomographically or angio-graphically based estimates of atherosclerotic burden. 28 -30 Thus, the association of the metabolic syndrome with poor exercise capacity and heart rate recovery may represent a difference in CHD severity. However, because the metabolic syndrome was not associated with angina, left ventricular ejection fraction, or inducible ischemia in our sample, it is unlikely that increased CHD severity explained the observed differences in exercise capacity and heart rate recovery. Third, our results are based on cross-sectional data, so the causal direction between the metabolic syndrome and exercise capacity cannot be determined.
In summary, we found that the metabolic syndrome is associated with poor exercise capacity and poor heart rate recovery in patients who have coronary disease. Poor exercise capacity may contribute to the adverse outcomes associated with the metabolic syndrome. Proportion of participants who had poor exercise capacity and poor heart rate recovery according to presence (n = 377) (black bars) or absence (n = 566) (gray bars) of the metabolic syndrome (p <0.0001 for the 2 measurements). Values are mean ± SD, numbers of patients (percentages), or medians (interquartile ranges). and each combination of higher risk versus lower risk outcome categories (e.g., lowest quartile of heart rate recovery vs higher 3 quartiles, lower 2 quartiles of heart rate recovery vs higher 2 quartiles, lowest 3 quartiles of heart rate recovery vs highest quartile). Exercise capacity was divided into 3 categories (<5 METs, 5 to 8 METs, >8 METs) according to the method of Myers et al. 7
